The capacity of the liver to regenerate is likely to be encoded as a plasticity of molecular networks within the liver. By applying a combination of comprehensive analyses of the epigenome, transcriptome, and proteome, we herein depict the molecular landscape of liver regeneration. We demonstrated that histone H3 Lys-4 was trimethylated at the promoter regions of many loci, among which only a fraction, including cell-cycle-related genes, were transcriptionally up-regulated. A cistrome analysis guided by the histone methylation patterns and the transcriptome identified FOXM1 as the key transcription factor promoting liver regeneration, which was confirmed in vitro using a hepatocarcinoma cell line. The promoter regions of cell-cyclerelated genes and Foxm1 acquired higher levels of trimethylated histone H3 Lys-4, suggesting that epigenetic regulations of these key regulatory genes define quiescence and regeneration of the liver cells. A quantitative proteome analysis of the regenerating liver revealed that conditional protein degradation also mediated regeneration-specific protein expression. These sets of informational resources should be useful for further investigations of liver regeneration.
The capacity of the liver to regenerate is likely to be encoded as a plasticity of molecular networks within the liver. By applying a combination of comprehensive analyses of the epigenome, transcriptome, and proteome, we herein depict the molecular landscape of liver regeneration. We demonstrated that histone H3 Lys-4 was trimethylated at the promoter regions of many loci, among which only a fraction, including cell-cycle-related genes, were transcriptionally up-regulated. A cistrome analysis guided by the histone methylation patterns and the transcriptome identified FOXM1 as the key transcription factor promoting liver regeneration, which was confirmed in vitro using a hepatocarcinoma cell line. The promoter regions of cell-cyclerelated genes and Foxm1 acquired higher levels of trimethylated histone H3 Lys-4, suggesting that epigenetic regulations of these key regulatory genes define quiescence and regeneration of the liver cells. A quantitative proteome analysis of the regenerating liver revealed that conditional protein degradation also mediated regeneration-specific protein expression. These sets of informational resources should be useful for further investigations of liver regeneration.
Recently, an increasing number of patients have been developing primary and metastatic liver cancers (1) . Whereas a liver resection is the most curative therapy to improve the prognosis of such patients, the resection of more than half of the liver is often needed for the complete removal of a hepatic tumor. Although both the surgical techniques and the postoperative management have been improved, liver failure is still one of the most severe complications after major hepatectomy (2) . Portal vein embolization (PVE), 2 a method to stimulate growth of the future remnant liver (not an embolized lobe of the liver), is widely performed preoperatively to prevent postoperative liver failure (3) . However, patients who undergo this procedure often fail to achieve a sufficient increase of the remnant liver volume (4) . Therefore, it is essential to understand the mechanism of compensatory hypertrophy of the liver.
The liver is known as the metabolic center of the mammalian body and performs many biological functions, such as the metabolism of amino acids, fatty acids, and carbohydrates, and the detoxification of xenobiotics to maintain the homeostasis of the whole body. In addition, the liver is also known as an organ that possesses the capacity for regeneration. Liver regeneration has fascinated the field of regenerative medicine because many other major organs of the human body lack the capacity to undergo a substantial regeneration in the case of a functional deficiency (5) . Therefore, the liver has been an attractive organ to investigate the mechanism of tissue regeneration. The method of partial hepatectomy (PH) was described by Higgins and Anderson in 1931 (6) and has been widely applied to the study of liver regeneration. Although more and more knowledge has been accumulated about the liver regeneration after PH (7) (8) (9) , this model may only clarify the mechanism of postoperative liver regeneration (10) . On the other hand, the molecular mechanism by which PVE leads to compensatory hypertrophy of the liver remains largely unclear.
The capacity of the liver to regenerate is likely to be encoded as a plasticity of molecular networks within this organ. Whereas several critical regulators of the liver regeneration, such as NFB and STAT3, have been reported (11, 12) , a bird's eye view of the molecular processes is still lacking. Although several studies have utilized massive molecular profiling approaches (13, 14) , little is still known about how changes in one set of molecules would affect another set of molecules. To gain insight into the molecular mechanism of the liver regeneration after PVE, we utilized the portal vein branch ligation (PVBL) technique in mice, which induces a redistribution of the portal blood flow in a manner similar to PVE (15) . By applying a combination of comprehensive analyses of the epigenome, transcriptome, and proteome, we herein show the molecular landscape of liver regeneration after PVBL. We demonstrate that histone H3K4 was trimethylated at the promoter regions of many loci, among which cell-cycle-related genes were transcriptionally up-regulated. By a cistrome analysis of genes guided by the transcriptome and epigenome, FOXM1 was found to be the key transcription factor during liver regeneration, whose induction was accompanied by a new acquisition of H3K4me3 at its promoter region. Our results indicate that liver regeneration involves coordinated alterations in both transcriptional and epigenetic regulations.
Results

Coordinated transcriptome alterations following PVBL
To investigate the mechanism of liver regeneration after PVBL, we performed the PVBL technique on 9 -12-week-old male C57BL/6J mice, as described previously (15) . Following PVBL, the right lobe of the liver, which was not ligated, gradually enlarged in a time-dependent manner, whereas the ligated lobe became atrophic (Fig. 1) . The gene-expression profile during the liver regeneration was determined using microarrays. Because it was reported previously that the cell proliferation state was most activated at day 3 after surgery by this operation in wild-type mice (15) , the regenerating liver (RL) at this time point was used. In total, 1,308 and 1,200 entities were signifi-cantly up-and down-regulated by Ͼ 2-fold, respectively, compared with those in the livers from sham-operated mice (corrected p value Ͻ 0.05; Fig. 2A, left) .
To compare the functions of these up-and down-regulated genes, a KEGG pathway analysis was performed using DAVID bioinformatic resources (16, 17) . The terms "Cell cycle" and "DNA replication" emerged significantly often in the analysis of the up-regulated genes ( Fig. 2A, right) . Importantly, genes involved in not only progression but also cessation of the cell cycle, such as Cdkn1a and Cdkn3 (encoding p21 and KAP, respectively), were induced in RL ( Fig. 2B) . Interestingly, the pathway terms that were thought to be important for liver functions, such as "nitrogen metabolism," emerged significantly often in the analysis of the down-regulated genes ( Fig. 2A,  right) . The mRNA expression of genes related to the cell cycle and the metabolic functions of the liver was validated by an RT-qPCR analysis (Fig. 2, B and C) . Cyclins important for the G 1 /S stage (Ccnd1 and Ccne1) and the G 2 /M stage (Ccna2 and Ccnb1) as well as Cdkn1a were up-regulated, indicating that liver regeneration is programmed to stop proliferation after certain rounds of proliferation. The expression of Cdkn1a was further increased to the later time point ( Fig. 2B ), suggesting that the level of Cdkn1a expression at day 3 allowed transient proliferation of hepatocytes. Induction of Cdkn1a expression in a partial hepatectomy model was reported previously (18 -20) . On the other hand, genes encoding enzymes involved in the pathways of amine metabolism (Inmt), amino acid metabolism (Hal), carbon metabolism (Got1), and fatty acid degradation (Gcdh) were down-regulated. One of the key transcription activators of lipid-related genes, SREBP1 (SREBF1), was also reduced in its expression ( Fig. 2D ). These results indicate that, during the liver regeneration after PVBL, the regenerating liver suppressed some of the metabolic functions and activated genes related to cell proliferation to achieve efficient and rapid regeneration. They also suggest the presence of the coordinated regulation of functionally related genes at the transcriptional level. 
Increased trimethylation of histone H3K4 in the regenerating liver
To analyze whether the change of mRNA expression was accompanied by an alteration of histone H3 methylation, histone extracts were prepared from frozen liver tissues at various time points after PVBL, and immunoblotting analysis was performed. We found that the trimethylation of H3K4 (H3K4me3) was strongly induced at day 3 after PVBL compared with that at the other time points (Fig. 3A) . The levels of other modifications of histone methylation were not altered as substantially as H3K4me3.
Because S-adenosylmethionine (SAM) is the methyl donor of histone methylation, we quantified the concentrations of SAM, methionine, and S-adenosyl-L-homocysteine (SAH) to evaluate A, immunoblotting analysis of the histone extracts of livers. The livers were isolated from non-treated mice (day 0), those with sham operation (day 3), or those with PVBL at the indicated time points. Immunoblots were performed with antibodies against H3K4me3, H3K9me3, H3K27me3, and total histone H3 as a loading control. Similar results were obtained in three independent experiments. B, the amounts of methionine, S-adenosylmethionine, S-adenosyl-L-homocycteine, and SAM/SAH ratio of the liver. The mean values and S.D. of the results from three mice in the indicated conditions are shown. Statistical significance was determined using Student's t test, and p values are indicated. C, the expression of Mat1a and Mat2a at the indicated time points. The mRNA expression was normalized to Actb mRNA in each sample and is represented as a relative value with regard to that in the day 0 sample. The mean values and S.D. of the results from three mice are shown. Statistical significance between groups was determined using Student's t test, and p values are indicated. N.S, not significant. D, immunoblotting analysis of the whole lysates of regenerating livers. Immunoblots were performed with antibodies against MATI/III, MATII␣, and GAPDH as loading control. The bar plots represent the mean and S.D. (error bars) from the relative intensity of MATII␣ protein normalized with GAPDH protein intensity in three mice for each time point. Statistical significance was determined using Student's t test, and the p value is indicated.
the methylation potential of the regenerating liver. The amount of SAM was almost unchanged, but the amounts of methionine and SAH tended to increase and decrease, respectively, in the regenerating liver ( Fig. 3B ). These alterations resulted in an increase in methylation potential (SAM/SAH ratio; Fig. 3B ). These results are consistent with the increased level of global H3K4me3 modification in the regenerating liver, but further studies are required to examine their cause-effect relationship.
SAM is produced through a reaction catalyzed by methionine adenosyltransferase (MAT). It was reported that liver-specific Mat1a is down-regulated, whereas Mat2a is up-regulated at the transcriptional level during the liver regeneration after PH (21) . As expected, the level of Mat1a mRNA was significantly decreased at day 3 after the surgery (Fig. 3C ). This observation was confirmed by a comparison with the sham-operated group. On the other hand, Mat2a mRNA did not show any significant alteration. For a further confirmation of these findings, immunoblotting analysis was carried out (Fig. 3D ). Consistent with the mRNA levels, MATI/III was transiently decreased at day 3. MATII␣, the catalytic subunit of MATII encoded by Mat2a, was also decreased at day 3 (Fig. 3D ). This might be due to an alteration of the stability of the MATII␣ protein in the regenerating liver, but the underlying mechanism remains unclear. These observations strongly suggest that post-PVBL regeneration does not involve the switching of MATI/III and MATII␣. Although the level of its protein did not increase, the nuclear localization of MATII␣ (22) may be enhanced upon PVBL to support histone methylation. Interestingly, the mRNA expression of Kdm5b, which is a demethylase of H3K4, was decreased in the regenerating liver, as determined by the microarray analysis and an RT-qPCR analysis ( Fig. 4A ). To examine its function, we depleted Kdm5b in Hepa1 cells ( A recent study has shown that glycine N-methyltransferase consumes a large fraction of SAM under normal conditions to restrict the amount of SAM in a cell ( Fig. 4D) (23) . We found that the levels of Gnmt mRNA for this enzyme were reduced in the RL (Fig. 4E ). Therefore, the reduction of glycine N-methyltransferase in the RL may promote histone methylation by redirecting SAM away from the damping pathway.
Pervasive H3K4me3 marking for proliferation-related and other categories of genes
The above immunoblotting analysis revealed that global H3K4me3 was significantly increased during liver regeneration at day 3 after PVBL. To identify the genes that newly acquired the H3K4me3 modification, a ChIP-seq analysis was performed using an anti-H3K4me3 antibody. We identified genes with H3K4me3 peaks at promoters by using the MACS2 peak-call- ing algorithm, and the union gene sets with called peaks in the biological duplicate were defined as the genes with H3K4me3 peaks. We classified these genes with H3K4me3 peaks into three categories: unaltered under the two conditions (4,153 peaks), specifically detected in the sham condition (135 peaks), or specifically detected after PVBL (4,653 peaks) ( Fig. 5A ). To evaluate the functional differences between these subsets of peaks, a pathway analysis was carried out using a list of their nearest genes. Compared with the genes with common peaks and with sham unique peaks, the genes with the peaks unique to the RL showed a significant enrichment of pathway terms related to the cell cycle and cell proliferation ( Fig. 5B ). In contrast, the genes with common peaks showed an enrichment of pathway terms related to various metabolic functions ( Fig. 5C ). Significance of enrichment of the pathway terms in genes with common and sham-unique peaks is also shown. NA, pathway terms that are not significantly enriched. D-F, comparison between genes with RL unique H3K4me3 peaks (4,653 genes) and those transcriptionally up-regulated in regenerating livers (both at day 3 after operation). The Venn diagram represents the number of genes in each subset (E). The results of KEGG pathway analysis of subsets 2 and 1 are shown in E and F, respectively, with p values of the enriched pathways in other subsets.
To analyze the relationship between H3K4me3 modification and gene expression, we integrated the ChIP-seq and microarray data sets. Interestingly, among the genes with H3K4me3 peaks unique to RL, only 8.3% (385 of 4,653 genes) were transcriptionally up-regulated (-fold change Ͼ 2.0), and most of the genes did not show an alteration in their expression during the liver regeneration ( Fig. 5D ). These three subsets were used to perform a pathway analysis. The biological pathways contributing to the liver regeneration, such as "cell cycle" and "DNA replication," were enriched mainly in the analysis of subset 2, which was comprised of the genes with peaks unique to RL and increased mRNA expression ( Fig. 5E ). In contrast, the genes with peaks unique to RL but that were not induced did not show enrichment of pathway terms related to the cell cycle process (Fig. 5F ). These results suggested that many genes acquired the H3K4me3 modification during the liver regeneration, among which those with functions associated with cell proliferation were selectively up-regulated at the level of mRNA transcription. Our data raise the possibility that epigenetic modifications such as H3K4me3 were necessary but not sufficient for the regulation of gene expression during the liver regeneration. Additional mechanisms may be layered upon the pervasive H3K4me3 modification.
The association of histone methylation patterns with functional gene groups
To further classify the genes with H3K4me3 peaks unique to the RL, we added a ChIP-seq analysis using the anti-H3K27me3 antibody. The combined patterns of H3K4me3 and H3K27me3 modifications analyzed by a K-means clustering algorithm classified these genes into five clusters ( Fig. 6A ). We then analyzed the relationship between the patterns of histone methylation and the mRNA expression profiles. Interestingly, clusters 1 and 2 were clearly distinguished by the patterns of mRNA expression. Cluster 1, which was characterized by positivity for both H3K4me3 and H3K27me3, was relatively enriched with genes for which the expression was significantly increased in the RL compared with that in the sham liver, but their mRNA raw expression values were relatively low ( Fig. 6A , Expression level and Fold change). In contrast, cluster 2 was not particularly enriched with up-regulated genes, but their expression levels were considerably higher than those in the other clusters. Whereas there was a slight difference between clusters 3 and 4 in terms of their patterns of mRNA expressions, their patterns of H3K4me3 peaks were clearly different; cluster 3 revealed bimodal patterns of H3K4me3 peaks around transcription start sites, whereas cluster 4 revealed narrow H3K4me3 peaks. These results indicate that there is a distinct correlation between the patterns of histone methylation and of mRNA expression, which may reflect distinct regulatory mechanisms.
To analyze the functional similarities and differences among the above clusters of genes, a GO analysis was performed ( Fig.  6B ). This analysis revealed differences in gene functions between clusters 1 and 2. The GO terms enriched in cluster 1 included the terms related to the development of various organs and pluripotency, such as "mesenchymal cell differentiation," "vasculogenesis," and "cell fate commitment." It was reported that bivalent domains, consisting of large regions of H3K27me3 harboring smaller regions of H3K4me3, frequently overlay developmental genes in embryonic stem cells (24) . The results from the analysis of cluster 1 suggested that genes within such bivalent domains were activated upon the shifting of the liver to a dedifferentiated state to regenerate. A GO analysis of cluster 2 revealed the enrichment of terms related to metabolic function. The presence of broad H3K4me3 peaks toward the 3Ј end may be important for the expression of these genes at higher levels compared with the genes in other clusters. Specifically enriched GO terms in cluster 3 pointed to processes related to nucleotide metabolism, such as "mRNA processing" and "mRNA metabolic process," and those in cluster 4 were terms related to cell cycle checkpoints, such as "mitotic cell cycle checkpoint" and "G 1 /S transition checkpoint." The GO terms related to a regenerating state, such as "cell cycle" and "cell cycle process," were enriched in the analyses of clusters 1, 3, and 4, suggesting that the genes classified into these clusters would contribute to the proliferation of liver cells. By combining the ChIP-seq and microarray analyses, we succeeded in revealing that, during the liver regeneration, the genes of multiple regulatory pathways were activated by distinct mechanisms, which can be stratified according to the patterns of histone methylation.
This idea was further validated by analyzing individual genes that were identified in the GO analysis. Cell cycle regulator genes acquired high levels of H3K4me3 around their promoter regions, consistent with their induction upon regeneration (Fig.  7A ). In contrast, metabolism-related genes retained H3K4me3 although their expression was reduced upon regeneration ( Fig.  7B) . These observations suggest two mechanisms in the liver. First, the absence of H3K4me3 at the cell cycle-related genes ensures that liver cells will not start proliferation under normal conditions. Second, the maintenance of H3K4me3 at the metabolism-related genes during regeneration ensures a rapid re-expression of the liver-specific functions once regeneration stops.
The integration of the cistrome and the transcriptome points to Foxm1 as the regulator of regeneration
The results of the GO analysis ( Fig. 6B ) suggested that the clusters 1, 3, and 4 contained genes related to the cell cycle and might be central to the proliferation of liver cells. To investigate whether specific regulatory DNA sequences were enriched at the promoter regions of the genes with H3K4me3 peaks unique to the RL, a motif analysis of the promoter regions (i.e. cistrome) was performed using the HOMER algorithm (25) . We identified the NFY, KLF5, cell cycle gene homology region (CHR), and SP1 motifs by separately analyzing these clusters ( Fig. 8A ). It was previously reported that the CHR is bound by a complex of FOXM1, B-MYB, and MuvB (FOXM1-MMB), resulting in the expression of genes important for the progression of the G 2 /M phase of the cell cycle (26) . Interestingly, by analyzing the microarray data, we found that Mybl2 (which encodes B-MYB), Lin9 (which is a component of the MuvB complex), and Foxm1 were transcriptionally up-regulated in the regenerating liver ( Fig. 8B) . Moreover, among the DNAbinding factors with significant changes in their transcriptional level as determined by the microarray, Foxm1 showed the high-est degree of induction ( Fig. 8C, blue bars) . We confirmed the mRNA expression of Foxm1 by an RT-qPCR analysis (Fig. 8D ). An immunoblotting analysis showed an increase of Foxm1 pro-tein ( Fig. 8E ). A recent report has shown that Foxm1 is the target of the STAT3 transcriptional activator in K562 cells (27) . We found that the amounts of STAT3 and its phosphorylated L  H  3  K  2  7  m  e  3  H  3  K  2  7  m  e  3  H  3  1  R  L R R  H  3  K  2  7  m  e  3  H  3  K  2  7  m  e  3  3  K  2  7  m  e  3  2  7  m 2  7  2 2 R  L  H  3  K  2  7  m  e  3  1  R  L  H  3  K  2  7  m  e  3  2  S  h  a  m  H  3  K  2  7  m  e  3  1  S  h  a  m  H  3  K  2  7  m  e  3 m  e  3 Term P-value GO:0006397~mRNA processing 0.000129 GO:0016071~mRNA metabolic process 0.000221 GO:0008380~RNA splicing 0.00036 GO:0006366~transcription from RNA polymerase II promoter 0.00106106 GO:0006270~DNA replication initiation 0.00293072 GO:0006364~rRNA processing 0.00328 GO:0016072~rRNA metabolic process 0.00367483 GO:0006268~DNA unwinding during replication 0.00436527 GO:0032508~DNA duplex unwinding 0.00620732 GO:0042168~heme metabolic process 0.00677588 GO:0042254~ribosome biogenesis 0.00707852 GO:0006783~heme biosynthetic process 0.00850092 GO:0032392~DNA geometric change 0.00850092 GO:0000375~RNA splicing, via transesterification reactions 0.00989474 GO:0000377~RNA splicing, via transesterification reactions with bulged adenosine as nucleophile 0.00989474 GO:0000398~nuclear mRNA splicing, via spliceosome 0.00989474 GO:0006418~tRNA aminoacylation for protein translation 0.01001486 GO:0043039~tRNA aminoacylation 0.01001486 GO:0006511~ubiquitin-dependent protein catabolic process 0.01213332 GO:0006401~RNA catabolic process 0.01289176 GO:0016444~somatic cell DNA recombination 0.01300808 GO:0006402~mRNA catabolic process 0.01947243
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Term P-value GO:0048762~mesenchymal cell differentiation 0.000193 GO:0060485~mesenchyme development 0.000216 GO:0001570~vasculogenesis 0.000851 GO:0014031~mesenchymal cell development 0.00128233 GO:0051094~positive regulation of developmental process 0.00129767 GO:0001837~epithelial to mesenchymal transition 0.0016343 GO:0045165~cell fate commitment 0.00414419 GO:0045597~positive regulation of cell differentiation 0.01140123 GO:0001708~cell fate specification 0.01916711 GO:0060284~regulation of cell development 0.02106988 form were increased in the regenerating liver (Fig. 8E) . These results suggested the possibility that STAT3 enhanced the expression and activation of FOXM1, which activated the target genes in the regenerating liver by forming the FOXM1-MMB complex. Using the gene lists from the ChIP-seq experiments of LIN9 and B-MYB performed in proliferating HeLa cells (28) and FOXM1 in U2OS cells (26) , a gene set enrichment analysis was performed to investigate whether the FOXM1 target genes were activated transcriptionally during the liver regeneration following PVBL. We found that these gene sets were indeed activated in the regenerating liver ( Fig. 8F) .
Color Key and Histogram
To examine the function of FOXM1 in liver cell proliferation, we performed the knockdown of Foxm1 using Hepa1 cells. Using the Foxm1 siRNA, we could achieve a roughly 80% reduction of Foxm1 mRNA expression ( Fig. 9A ). We also confirmed the decrease of the level of FOXM1 protein amount by immunoblotting analysis (Fig. 9B ). We then carried out a cell proliferation assay to determine whether knocking down Foxm1 would affect the cell proliferation. The growth curves showed that the cell proliferation of Hepa1 cells transfected with siFoxm1 was inhibited significantly compared with that of the cells transfected with siControl ( Fig. 9C ). Furthermore, we found that the amounts of mRNA of FOXM1 target genes Ccnb1 and Ccna2 were decreased by knockdown of Foxm1 (Fig.  9D ), suggesting the role of FOXM1 in the activation of these genes. It has been reported that the overexpression of the FOXM1 protein is associated with aggressive tumor features and a poor prognosis of hepatocellular carcinoma (29) and that the silencing of FOXM1 inhibits hepatocellular carcinoma growth (30) . Furthermore, FOXM1 is required for DNA replication and mitosis after partial hepatectomy (31) . Together with these previous reports on FOXM1, our observations strongly suggest that FOXM1 promotes cell proliferation by activating its target genes related to the cell cycle progression in hepatocytes.
The above multiomics analyses allowed further insights into the mechanisms for the regulation of Foxm1. The ChIP-seq data showed that the promoter region of Foxm1 acquired H3K4me3 during regeneration (Fig. 9E ). The absence of H3K4me3 in the normal liver may ensure that the liver cells would not enter into cell cycle under normal conditions. Whereas FOXM1 activates its own expression, the Ets-related transcription factor SPDEF inhibits the Foxm1 promoter activity (32) . Interestingly, the mRNA expression of SPDEF was induced in the RL (Fig. 9F ), suggesting that Foxm1 expression is eventually silenced by SPDEF upon completion of the liver regeneration.
The liver regeneration involved post-transcriptional regulation of the proteome
Functions of cells and organs involve post-transcriptional regulation as well. To directly compare proteome, a proteomic analysis was performed using nano-HPLC-MS/MS. To obtain quantitative data, we avoided the fractionation of the liver extracts before the MS/MS analysis. This protocol therefore resulted in much lower numbers of proteins detected in the current analysis than reports by others using normal livers (33) . We measured the total protein extracts from the livers of three mice for each condition. By applying a conservative criterion for the analysis, the proteins detected in all of the biological triplicate samples in each condition were used for the further analysis. We detected and quantified 566 proteins in the two conditions (Fig. 10A ). In addition, we found 144 and 94 proteins that were detected only in one of the two conditions. Next, we performed GO and pathway analyses to evaluate the functions of the commonly detected proteins. Consistent with a report describing that the majority of abundant proteins in the liver are metabolic enzymes involved in different biological processes (33), GO and pathway analyses of the commonly detected proteins suggested their functions in the mitochondria and/or in various metabolic pathways (Fig. 10B) . To compare the amounts of individual proteins between the RL and sham livers, we calculated the quantitative scores of the commonly detected proteins. The relative amounts of the individual proteins were similar between the two conditions (Pearson's correlation coefficient, r ϭ 0.94; Fig. 10C ). However, proteins whose mRNA levels were altered in the microarray analysis tended to show alterations that were consistent with their mRNA (Fig. 10C ). For example, several enzymes participating in the pathways of amino acid metabolism (Hal, Mccc1), amine Molecular networks of liver regeneration metabolism (Inmt), fatty acid degradation (Gcdh), and carbon metabolism (Got1) were decreased in the regenerating liver ( Fig. 10D ). To evaluate further the relationship between the variations of mRNA expression and the amounts of proteins, we categorized the proteins into three groups, proteins specific to the RL group, those identified in both conditions, and those specific to the sham group, and compared their mRNA levels.
Components of CHR binding complexes
Compared with the variations of mRNA expression of the commonly detected proteins, the levels of mRNA of proteins detected uniquely in the RL or the sham group showed larger changes (Fig. 10E) . These results confirmed that many of the observed alterations at the transcriptional level were actually reflected at the protein level.
To analyze the correlations between the transcriptome and the proteome in the RL, we compared the protein scores and mRNA raw signals from our microarray data. The Pearson's correlation coefficient score of commonly detected proteins was 0.34 (Fig. 10F) , which was lower than in previous reports showing global correlations between the transcriptome and the proteome to be around the range of 0.4 -0.6 (34, 35) . We noted that the correlation score of the proteins uniquely detected in RL was much lower than that of the commonly detected proteins (Fig. 10F) . These observations suggest that post-translational regulation may also have contributed to the alteration of the proteome during the liver regeneration.
To elucidate whether the ubiquitin-proteasome system affected the proteins detected uniquely in the RL, Hapa1 cells were cultured with or without the proteasome inhibitor MG132, and a proteomic analysis was performed. We first identified 771 proteins uniquely detected from Hepa1 cells treated with MG132 (Fig. 10G ). In addition, we identified 279 from 1,663 proteins detected under both conditions whose scores as a proxy of protein amount differed by Ͼ 2-fold from those of the untreated cells. A substantial part of the list of 1,050 proteins overlapped with proteins uniquely detected in the RL (18 of 144) ( Fig. 10H ; p ϭ 3.1 ϫ 10 Ϫ9 by a hypergeometric test). This observation suggested the possibility that some of the proteins detected uniquely in the RL were regulated at the level of protein stability. Such a post-translational control may contribute at least in part to the apparently weaker correlation between the protein scores and the mRNA raw expression of the proteins unique to the RL than that of the commonly detected proteins. We concluded that the liver regeneration involved regulation at both the transcriptional and the post-transcriptional levels.
Discussion
We herein studied the molecular state of liver regeneration using the mouse PVBL model, which mimics liver regeneration following PVE in humans. We took advantage of the ability to analyze multilayer omics data covering epigenomic, transcriptomic, and proteomic measurements from identical materials. Our principal idea was that one layer of these data sets would be useful to stratify alterations in the other layers, ultimately leading to the identification of critical regulators and/or molecular alterations. This multiomics analysis allowed us to examine the correlations and relationships among multiple omic data and gave us in-depth insights into liver regeneration. Most importantly, by combining the data sets of histone methylation and gene expression, we identified Foxm1 as a critical regulator of liver regeneration. In addition, we found a set of proteins whose abundance was regulated at the post-translational level during liver regeneration. Because our data sets were derived from whole liver lysates, we were unable to examine the cellular interactions between hepatocytes and hepatic non-parenchymal cells (e.g. liver endothelial sinusoid cells and Kupffer cells). Because the hepatocyte occupies ϳ90% of the liver volume, we assume that the alterations in the molecular compositions observed in this study largely reflected changes within hepatocytes. Notwithstanding this limitation, our results clarified the molecular state of the regenerating liver following PVBL and established a valuable database to investigate further the mechanism of liver regeneration.
As expected, genes related to cell proliferation and DNA replication were transcriptionally up-regulated. Using a ChIP-seq analysis, we found that the trimethylation of histone H3K4 was strongly induced at the promoter regions of these genes in the regenerating liver. A previous study demonstrated that H3K4 di-and trimethylations were increased in an up-regulated gene during the liver regeneration following PH (36) . However, this previous study did not address the genome-wide distribution of the methylation of H3K4. In addition, our results from the ChIP-seq analysis clearly showed that the induction of H3K4me3 was not restricted to genes that underwent transcriptional up-regulation. Rather, many more genes that were transcriptionally unaltered acquired an increase of H3K4me3 modification compared with those in the livers of the shamoperated group. In other words, not all of the genes that acquired H3K4me3 modification were up-regulated transcriptionally, with only 8.3% of genes significantly up-regulated (-fold change Ͼ 2.0). This indicates that the modification with H3K4me3 is not sufficient to activate gene transcription, and other additional factors are needed. One scenario may be that the machinery for the writing of H3K4me3 is rather promiscuous. The increase in methylation potential (SAM/SAH ratio) may also facilitate the methylation reaction. The decrease in the expression of the histone demethylase Kdm5b may contribute to the pervasive induction of H3K4me3. An interesting question in this context is whether Kdm5b is involved in the maintenance of liver cell identity and/or quiescence. Another interesting alteration is the reduced expression of Gnmt, which is expected to lead to a higher flow of SAM into other reactions, including histone methylation. It appears that alterations of metabolic status also facilitate epigenetic remodeling of the regenerating liver.
Our data also suggest that additional proteins, such as DNAbinding transcription factors, may be required to achieve specific gene activation among the vast set of genes that acquired H3K4me3. Consistent with this idea, we found by combining the motif analysis and the microarray analysis that the CHR element and its binding complex FOXM1-MMB play important roles in the regenerating liver. Previous reports have demonstrated that FOXM1 regulates the expression of cell cycle proteins that are essential for reentry of hepatocytes into DNA replication and mitosis after partial hepatectomy (31) and that the FOXM1-MMB complex binds to and activates the cell cycle genes Ccna2 and Ccnb1 that regulate the G 2 /M phase (37) . These genes were significantly up-regulated in our RT-qPCR analysis of regenerating livers, further emphasizing the importance of the FOXM1-MMB complex and the CHR element in the process of liver regeneration. The salient point here is that we identified these factors by the analysis of multiomics data. When we carried out a HOMER analysis using a bulk set of up-regulated genes, CHR was not significantly enriched. Therefore, this method (i.e. stratifying genes using histone modification patterns) is a powerful tool helping us to investigate the molecular mechanisms of cellular responses. Interestingly, by using the top 50 genes up-regulated during the liver regeneration for a motif analysis, we detected a de novo CHR motif in the promoter regions of 24 genes. These genes included those with or without the alteration of H3K4me3 modification and were highly enriched in cell-cycle-related terms by a GO analysis. These results raise the possibility that the up-regulation of cell-cycle-related genes through CHR is controlled by both H3K4me3-dependent and -independent mechanisms. It is important to note that H3K4me3 modification at the Foxm1 promoter region substantially increased during liver regeneration. Therefore, two lines of research will be important in the future: how Foxm1 is regulated epigenetically in the normal and regenerating liver and whether FOXM1 is involved in the epigenetic regulation of the liver regeneration, especially that of the cell cycle-related genes.
The pervasive induction of H3K4me3 during liver regeneration suggests an interesting strategy for a therapeutic intervention. Among the genes that acquired H3K4me3, one may be able to find genes with the ability to promote cell proliferation. Even if they are not induced during the liver regeneration after PVE, such genes may be ready for the induction of their expres-sion in response to an additional, adequate signal. This is an interesting possibility in light of the fact that Yap1, which is critical for liver cell proliferation (38) , was among this set of genes. They may also contain cancer-related genes because regeneration and malignant transformation are phenomena with overlapping molecular events (39) . Therefore, this set of genes may be interesting to identify hepatoma-related genes as well. The pervasive induction of H3K4me3 during liver regeneration also raises other interesting questions. For example, why were many of these genes not induced at the transcriptional level? Because H3K4me3 is usually written by the COM-PASS complex, which is recruited by RNA polymerase II (40) , it will be important to compare binding of RNA polymerase II to the promoter and downstream transcribed regions of these genes.
In this study, we found that genes marked with bivalent histone methylation patterns (H3K4me3 plus H3K27me3) were significantly up-regulated at the transcriptional level during liver regeneration. A GO analysis further revealed that the functions of these bivalent genes were related to the development of multiple organs and tissues. These results are consistent with the previously reported functions of bivalent domains in embryonic stem cells (24) . In this regard, acquired bivalent domains might enable differentiated cells to dedifferentiate. Considering our observation that a subset of the genes with bivalent histone methylations were up-regulated during the liver regeneration, mature hepatocytes may adopt a quasi-dedifferentiated state following PVBL.
Following PH, several metabolic functions, such as "steroid biosynthesis" and "lipid metabolism," have been reported to be down-regulated between 2 and 40 h after surgery based on mRNA profiling (13) . Our results confirmed that a similar suppression of metabolic functions occurred in the PVBL model. Furthermore, we confirmed this suppression by evaluating the relative protein amounts by a proteomic analysis. Although we did not elucidate the mechanisms underlying the down-regulation of the metabolic functions in the RL, the dedifferentiation of mature hepatocytes may be the reason why functions specific to the liver are down-regulated in the process of regeneration. An interesting candidate that could explain this response is SREBP1 (encoded by SREBF1), the master regulator of diverse metabolism-and lipid-related genes. The reduction of SREBP1 expression in the regenerating liver may contribute to the aforementioned responses. Interestingly, many of the metabolism-related genes were reduced in their expression while retaining H3K4me3. In a previous report using a partial hepatectomy model, metabolism-related genes including SREBF1 have been shown to lose H3K9 acetylation at their promoter regions during regeneration (18) . Therefore, dynamic changes in the combinations of histone modifications and SREBP1 activity may regulate transient repression of these genes during liver regeneration. Further studies will be required to clarify the mechanism of the down-regulation of metabolic functions during the liver regeneration. A detailed analysis of the time point when the suppressed metabolic functions recovered at the proteomic level was beyond the scope of this study. However, it is important to determine such a time point because, clinically, it is desirable for hepatic resection to be performed when the full recovery of metabolic function is achieved. The list of metabolic enzymes may help surgeons to identify markers for such an evaluation.
By comparing the data sets of the transcriptome and the proteome, we also succeeded in identifying proteins with increased levels in the regenerating liver after PVBL without any apparent increase of mRNAs. These proteins may be regulated at the post-transcriptional level. The results using Hepa1 cells and MG132 strongly suggest that a fraction of them are regulated by ubiquitination and degradation. Previous reports have demonstrated that some of these proteins are associated with the functions related to cell proliferation. For example, upon the silencing of NASP by siRNA, HeLa cells and U2OS cells are unable to replicate their DNA and progress through the cell cycle (41) . In addition, the knocking down of PIN1 in FaDu cells leads to the inhibition of cell proliferation (42) . Upon PVBL, ubiquitin E3 ligases for these proteins or their interaction may be inactivated, resulting in the accumulation of target proteins. The list of proteins potentially regulated by conditional ubiquitin-mediated degradation may provide another route toward new mechanisms regulating liver regeneration.
In the present study, by analyzing the comprehensive data sets ranging from histone methylation to mRNA expressions and and protein expression profiles, we have unveiled the molecular mechanisms of the liver regeneration following PVBL. The pervasive writing of H3K4me3 may underlie the capacity of the liver to regenerate. We expect this informational resource to be useful to investigate liver regeneration and to provide tools for future biological assays.
Experimental procedures
Animals
Wild-type C57BL/6J mice were purchased from Charles River Laboratories. All of the mice were kept under specificpathogen-free conditions and were treated according to the Regulations for Animal Experiments and Related Activities at Tohoku University. All experiments involving mice were approved by the institutional animal care and use committee of the Tohoku University Environmental and Safety Committee.
Mouse operation
9 -12-week-old male C57BL/6J mice were used. Mice were randomly separated into a PVBL group and a sham operation group. The PVBL technique was described previously (15) . In brief, the left branch of the portal vein was ligated with 7-0 braided polyester (Natsume Seisakusho Co. Ltd.) under a microscope. Mice receiving the sham operation underwent the same laparotomy without PVBL. Mice that underwent PVBL were sacrificed at 1, 3, or 7 days after operation, and right lobes were collected as regenerating liver. Sham-operated mice were sacrificed at 3 days after operation. Separated liver tissues were snap-frozen in liquid nitrogen and kept under Ϫ80°C conditions.
Expression profiling by microarray
The procedure of microarray analysis was described previously (43) . Preparation of total RNA from frozen liver tissue was carried out using an RNeasy minikit (Qiagen). Total RNA was labeled with Cyanine 3-CTP by the use of the Low Input Quick Amp Labeling Kit, One-Color (Agilent Technology). A Sureprint G3 mouse GE microarray slide (8 ϫ 60K) was used according to the manufacturer's instructions (Agilent Technology). The data were detected on an Agilent scanner, and the analysis and clustering of genes were performed using the GeneSpringGX (version 12.6) software package (Agilent Technology).
RNA isolation and quantitative RT-PCR
Total RNA was isolated as above and transcribed into cDNA using an RT Omniscript kit (Qiagen) according to the manufacturer's protocol. RT-qPCR was performed with a LightCycler Nano instrument (Roche Applied Science). The following primers were used in this study: Mat1a, forward (5Ј-TGCTG-GATGCCCATCTCAAG-3Ј) and reverse) (5Ј-GCATAGCCG-AACATCAAACC-3Ј); Mat2a, forward (5Ј-CCACGAGGCG-TTCATCGAGG-3Ј) and reverse (5Ј-AAGTCTTGTAG-TCAAAACCT-3Ј); Kdm5b, forward (5Ј-AAGAGTTCGCGG-ACCCCTTC-3Ј) and reverse (5Ј-GATCCGCGGGGTGAAA-TGAA-3Ј); Foxm1, forward (5Ј-AAGAATGGCCAACATCC-CGA-3Ј) and reverse (5Ј-TTGGGCCCCACTCTACCTT-3Ј); Ccnd1, forward (5Ј-CAAAATGCCAGAGGCGGATG-3Ј) and reverse (5Ј-CATGGAGGGTGGGTTGGAAA-3Ј); Ccne1, forward (5Ј-CTTTCTGCAGCGTCATCCTC-3Ј) and reverse (5Ј-CCTGTGCCAAGTAGAACGTC-3Ј); Ccna2, forward (5Ј-GTGAAGATGCCCTGGCTTTTA-3Ј) and reverse (5Ј-AAC-GTTCACTGGCTTGTCTT-3Ј); Ccnb1, forward (5Ј-GTGAG-TGACGTAGACGCAGA-3Ј) and reverse (5Ј-TCCAGTCAC-TTCACGACCCT-3Ј); Inmt, forward (5Ј-GAAAGAGCCAG-GAGCCTACG-3Ј) and reverse (5Ј-ACTGTCCTTCT-GAGCTTGGC-3Ј); Hal, forward (5Ј-CGGCAAGCTGATAT-TGTGGC-3Ј) and reverse (5Ј-ACCGGAATCGGAAAGCA-ACT-3Ј); Got1, forward (5Ј-AACGACAACAGCCTCAACCA-3Ј) and reverse (5Ј-AAAGACTGCACCCCTCCAAC-3Ј); Gcdh, forward (5Ј-CCTTGTCATGCACCCCATCT-3Ј) and reverse (5Ј-AGCCCAGAAGTTCACCCTTG-3Ј); Cdkn1a, forward (5Ј-GCAGTCCACAGGATATCCA-3Ј) and reverse (5Ј-AGACAACGGCACACTTGCT-3Ј); Cdkn2C, forward (5Ј-GTGGGGCATCGGAACCATAA-3Ј) and reverse (5Ј-ACC-CCATTTGCCTCCATCAG-3Ј); Cdkn3, forward (5Ј-TCGCG-AGTGAATTGTTCCCA-3Ј) and reverse (5Ј-CGTCTTGGA-TCCCGTAGCTC-3Ј); Actb, forward (5Ј-CGTTGACATCCG-TAAAGACCTC-3Ј) and reverse (5Ј-AGCCACCGATCC-ACACAGA-3Ј).
Purification of histone extracts
For analyzing histone modification, histones corresponding to 30 mg of the liver tissue were purified by acid extraction (44) . The extracts were separated by SDS-PAGE on 15% gel, and modified histones were detected by immunoblotting analysis as described above.
Immunoblotting analysis
Whole-cell extracts were prepared from the frozen liver tissue as described previously (22) . The extracts were separated by SDS-PAGE on 4 -20% gel. Following SDS-PAGE, the proteins were transferred to a PVDF membrane (Millipore, Billerica, MA). The membranes were blocked for 1 h in blocking buffer (3% skimmed milk, 0.05% Tween 20 in TBS) and subsequently incubated with primary and secondary antibodies in the blocking buffer for 8 and 0.5 h, respectively. To detect immunoreactive proteins, we used SuperSignal West Pico (Thermo Fisher Scientific, San Jose, CA).
Quantification of methionine, SAM, and SAH concentrations
All chemical reagents used for quantification of the indicated metabolites were purchased from Sigma-Aldrich unless otherwise noted. Deuterium-labeled S-adenosyl-L-methionine (d 3 -SAM) was purchased from C/D/N isotopes, and 13 C 5 -SAH was purchased from Toronto Research Chemicals. Stock solutions of standard SAM, SAH, methionine, and their derivatives labeled with stable isotopes were prepared by dissolving in 0.1% formic acid. The calibration mixtures in the concentration range of 12.5-1600 nM, including a 50 nM concentration of the respective molecules with stable isotopes, were prepared in 50% methanol containing 0.1% formic acid by dilution of stock solutions. The calibration curves were obtained by the peak area ratio (analyte/internal standard).
To measure the level of metabolites, mouse livers were quickly excised, weighted, and frozen in liquid nitrogen. The frozen aliquots were homogenized in 150 l of 50% cold methanol with a BioMasher II homogenizer (Nippi, Japan). The homogenate was diluted with 150 l of 50% cold methanol and centrifuged at 20,000 ϫ g for 5 min at 0°C. The supernatant (200 l) was collected and mixed with 40 l of chloroform. The aqueous (160-l) layer was collected by centrifugation at 20,000 ϫ g for 5 min at 0°C and mixed with 40 l of internal standard solution containing 2.5 M d 3 -SAM, 13 C 5 -SAH, and 13 Cd 3 -Met dissolved in 0.1% formic acid. After centrifugation, 140 l of supernatant was lyophilized and resuspended in 50% methanol containing 0.1% formic acid. The supernatant was diluted 10-fold with H 2 O and passed through a filter (pore size, 0.2 m; YMC Co., Kyoto, Japan). Subsequently, 5 l of the filtered solution was injected into the MS/MS system.
The HPLC-MS/MS system consisted of a NANOSPACE SI-II LC system (Shiseido, Tokyo, Japan) coupled with a Q-Exactive quadrupole orbitrap mass spectrometer equipped with a heated electrospray ionization source (Thermo Fisher Scientific). The metabolites were separated by hydrophilic interaction chromatography with a 4.6-mm internal diameter ϫ 10-cm Amide XBridge column (Waters). Mobile phase A was composed of 10 mM ammonium hydroxide and 10 mM ammonium acetate in 95:5 (v/v) H 2 O/CH 3 CN, and mobile phase B was 100% CH 3 CN. A gradient started from 85% B to 35% B from 0 to 3 min; 35% B to 0% B from 3 to 12 min; 0% B from 12 to 17 min; 0 to 85% B from 17-18 min; and 85% B held for 7 min to re-equilibrate the column. A divert valve was used to divert the LC effluent to the waste during the first 3 min, and the range between 11 and 21 min of the chromatographic was run to prevent source contamination by salts and other compounds. The flow rate was 300 l/min. The optimized ion source parameters were as follows: sheath gas flow rate, 20 arbitrary units; spray voltage, 3 kV; capillary temperature, 400°C; heater temperature, 40°C. The detection of metabolites was carried out using positive ion mode and target MS/MS (t-MS 2 ) mode at a resolution 35,000 and normalized collision energy 20. The following MS transitions were used to measure the indicated metabolites: SAM (m/z 399. 14 13 Cd 3 -Met (m/z 154.08 3 108.08). The HPLC-MS/MS system was controlled by XCalibur software (Thermo Fisher Scientific), and peak areas for each metabolite at the SRM transitions were integrated using the same software. Absolute concentrations of cellular metabolites were normalized to the weight of excised liver.
Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed as described previously (45) , with a modification. After thawing, regenerating liver and sham liver were roughly homogenized with a BioMasher II homogenizer (Nippi, Japan) in ice-cold PBS and were cross-linked for 10 min in 1% formaldehyde at 25°C, followed by quenching for 5 min at 25°C with 125 mM glycine. The homogenates were then washed three times with ice-cold PBS and lysed for 10 min at 4°C in 1 ml of lysis buffer (50 mM Tris-HCl, pH 8.0, 5 mM EDTA, and 1% SDS) with rotation. Lysates were centrifuged, and precipitates were suspended in 200 l of lysis buffer. The cross-linked chromatin was sheared with a Bioruptor sonicator (CosmoBio), and chromatin was quantified with a Nano Drop UV spectrometer. A total of 30 g of chromatin was diluted 10-fold in dilution buffer (20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100). After immunoprecipitation with anti-H3K4me3, anti-H3K27me3, or anti-rabbit IgG antibodies at 4°C overnight, Dynabeads Protein A and Protein G (Veritas) were added and rotated at 4°C for 2 h. The immunoprecipitated chromatin fragments bound to magnetic beads were washed with the following buffers: low-salt buffer (0.1% SDS, 20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 150 mM NaCl), high-salt buffer (0.1% SDS, 20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 500 mM NaCl), and LiCl buffer (1% Nonidet P-40, 250 mM LiCl, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA). The immunoprecipitated chromatin fragments were eluted from the beads by vortexing for 5 min at room temperature in 120 l of elution buffer (100 mM NaHCO 3, 1% SDS) and were released from formaldehyde fixation by overnight incubation at 65°C, followed by incubation for 1 h at 55°C in the presence of RNase and for 2 h in the presence of proteinase K. Genomic DNA was purified using the DNA Clean & Concentrater Kit according to the manufacturer's protocol (Zymo Research). We performed biological triplicates for the ChIP of H3K4me3 and H3K27me3 with both the sham and PVBL groups.
ChIP-seq and data analysis
The procedure of ChIP-seq analysis was described previously (46) . ChIP-seq libraries were prepared from ϳ10 ng each of ChIP and input DNA with the use of an Ovation Ultralow DR Multiplex System (NuGEN, catalog no. 0330-32, 0331-32). Two rapid-mode flow cells of an Illumina HiSeq 2500 were used for this analysis. Libraries were clonally amplified in the flow cells and sequenced with the use of HiSeq Control Software version 2.2.38 (Illumina) and a 51-nucleotide paired-end sequence.
Image analysis and base calling were performed using real-time analysis software (RTA version 1.18.61, Illumina).
Sequenced reads were mapped to the mouse genome (UCSC mm9) with the use of bwa (version 0.7.10). Unique reads mapped to a single genomic location were called peaks using the MACS2 software (version 2.1.0) for H3K4me3 marks, and sequence reads for input DNA from mice with PVBL or sham operations were used as a control. Sequencing was performed with biological duplicates. Heat maps depicting the patterns of histone methylation were illustrated using the ngs.plot algorithm (version 2.47.1) (47) .
Cell culture
Mouse hepatoma Hepa1c1c7 cells (Hepa1) were maintained in Dulbecco's modified Eagle's medium, supplemented with 10% FBS, penicillin (100 units/ml), streptomycin (0.1 mg/ml), and 4500 mg/L glutamine.
RNA interference
For knockdown of Foxm1, Hepa1 cells (5 ϫ 10 6 cells) were electroporated with 6 l of 20 M stock Stealth RNAi duplexes using the Nucleofector and Nucleofector solution kit V (VCA-1003, Amaxa Biosystems). The sequence of the Stealth RNAi TM used for knockdown of Foxm1 was 5Ј-ACCCAAGGUGUUGC-UAUCCAGUGAA-3Ј. Stealth RNAi siRNA negative control (Invitrogen) was used as the negative control.
Cell proliferation assay
Twenty-four hours after transfection with siRNAs, Hepa1 cells were seeded at 5 ϫ 10 3 cells/well in 96-well flat-bottom plates. Cell proliferation was analyzed using a Cell Counting Kit-8 (Dojindo) according to the manufacturer's protocol. The absorbance values at 450 nm were measured using a microplate reader just after seeding the well and at 24, 48, and 72 h.
Nano-HPLC/MS/MS analysis for proteomics
The dried peptide extracts (30 g) and 100 fmol of internal control probes (Pierce Retention Time Calibration Mixture, Thermo Scientific) were dissolved together in 80 l of sample solution (5% acetonitrile and 0.1% trifluoroacetic acid (TFA)). Each sample (1.25 g/5 l) was injected into a EasynLC-1000 system (Thermo) with EASY-Spray column (25-cm length ϫ C18 diameter 75 m, Thermo). Peptides were eluted with a 180-min gradient of 4 -25% solvent B (0.1% (v/v) formic acid in acetonitrile) in solvent A (0.1% (v/v) formic acid in water) at a flow rate of 300 -400 nl/min. Peptides were then analyzed by a Fusion mass spectrometer (Thermo Fisher Scientific) using a nanospray source. High-resolution full-scan MS spectra (from m/z 400 to 2,000) were acquired in the orbitrap with resolution (r ϭ 120,000 at m/z 400) and lockmass enabled (m/z at 445.12003 and 391.28429), followed by MS/MS fragmentation of the most intense ions for 3 s in the linear ion trap with collisionally activated dissociation energy of 35%. The exclusion duration for the data-dependent scan was 0 s, and the isolation window was set at 10.0 m/z.
The MS/MS data were analyzed by sequence alignment using variable and static modifications by Mascot and Sequest algorithms. UniProt was used as a protein database. The specific parameters for protein sequence database searching included oxidation (M), deamination (N, Q), acetylation (N-term.), and pyroglutamation (E) as variable modifications and carbamidomethylation (C) as a static modification. Other parameters used in data analysis were as follows: two allowed missing cleavages and a mass error of 10 ppm for precursor ions and 0.8 Da for fragment ions. Charge states of ϩ2 to ϩ4 were considered for parent ions. When multiple spectra were assigned to a peptide, only the spectrum with the highest Mascot score was selected for manual analysis. All peptides identified with a Mascot peptide score of Ͼ 20 were manually examined using rules described previously (48) . The relative quantification of proteins was carried out as described previously (49) . Briefly, the semiquantification of each protein was calculated from the average MS signal area of the three most intense peptides and normalized by semiquantitative values of internal control probes.
Antibodies
For immunoblotting and ChIP analysis, we used the following antibodies: anti-MATI/III (sc-28029, Santa Cruz Biotechnology, Inc.), anti-GAPDH (ab8245, Abcam), anti-trimethylated histone H3 Lys-4 (ab8580, Abcam), anti-trimethylated histone H3K9 (ab8898, Abcam), anti-trimethylated histone H3 Lys-27 (07-449, Millipore), anti-histone H3 (ab1791, Abcam), anti-FOXM1 (sc-502, Santa Cruz Biotechnology), anti-STAT3 (06-596, Millipore), anti-phospho-STAT3 (Tyr-705) (catalog no. 9145, Cell Signaling Technology), and anti-rabbit IgG (02-6102, Invitrogen). Anti-MATII␣ antibody was raised by immunizing rabbits with purified recombinant MATII␣ (His 6 -tagged mouse MATII␣) expressed in Escherichia coli.
